Abstract-This paper presents a structural design method of robust motion controllers for high-accuracy positioning systems, which makes it possible to tune the performance of the whole closed-loop system systematically. First, a stabilizing control input is designed based on Lyapunov redesign for the system in the presence of uncertainty and disturbance. And adopting the internal model following control, robust internal-loop compensator (RIC) is proposed. By using the structural characteristics of the RIC, disturbance attenuation properties and the performance of the closed-loop system determined by the variation of controller gains are analyzed. Next, in order to design a robust motion controller for a high performance positioning system, dual RIC structure is proposed and it is shown that if the synthesis of the robust motion control law is performed in the RIC framework, the robust property of RIC can be naturally implanted in the feedback controller. The proposed structural design of robust motion controller provides a systematic approach to the problem of robust stability and performance requirement in the face of uncertainty. Furthermore, by allowing the tradeoffs between robust stability and performance to be quantified in a simple fashion, it can illuminate systematic design procedure of the robust motion controllers. Finally, the proposed method is verified through simulation and the performance is evaluated by experiments using a high-accuracy positioning system. Index Terms-Lyapunov redesign, performance tuning, robust internal-loop compensator (RIC).
I. INTRODUCTION
T O DESIGN a robust motion controller for a system in the presence of uncertainty and disturbance, there are two required conditions. The first corresponds to robustness properties on the uncertainties including external disturbance, variations of the system parameters, modeling uncertainties and etc. and the second corresponds to performance specifications for the given task. Over the past few years, several studies have been made to meet these desired specifications. Disturbance observer (DOB) [1] - [6] , adaptive robust control [7] , [8] , internal model control with enhanced robustness [9] , model based disturbance attenuation [10] , perturbation compensator [11] , nonlinear control [12] , [13] are good examples. To obtain their inherent structural equivalence, a generalized disturbance compensating framework was also proposed [14] - [16] and unified analyses were performed [17] , [18] . However, controllers are usually designed based on the mathematical model obtained by modeling the given system so that the robustness and performance are optimal. Thus, it is difficult to design and tune the controllers by predicting the performance of the resulting whole system when the modeling uncertainties and external disturbances cannot be exactly identified. Therefore, the conventional controller design uses trial and error method in tuning the parameters to meet the performance specification due to the lack of performance evaluation tool. This leads us to a development of the robust control laws which is aimed at tuning the performance of the whole closed-loop system analytically in the design process as well as providing robustness.
In this paper, a structural design method of robust motion controller for high-accuracy positioning systems, which makes it possible to tune the performance of the whole closed-loop system systematically, is proposed. The concepts are presented for a single-input, single-output (SISO) system, which gives us an intuition for the proposed design method. As the first step in our design, a stabilizing control input is designed based on Lyapunov redesign. And adopting the internal model following control, the robust internal-loop compensator (RIC) is illustrated. By analyzing the structural characteristics of the RIC based control system, the performance of the closed-loop system determined by the variation of controller gains is analyzed. Next, dual RIC structure is proposed to design a robust motion controller and the relation between a computed-torque-like controller and DOB is analytically shown. It is also shown that if the synthesis of the robust motion control law is performed in the RIC framework, the robust property of RIC and the characteristics of DOB can be naturally implanted in the feedback controller design. This makes it possible to design a more enhanced RIC for robust motion controllers with feedforward control input.
In Section II, disturbance compensation algorithm is designed based on Lyapunov redesign. In Section III, RIC is illustrated and the disturbance attenuation property and the performance of the whole closed-loop system with RIC are structurally analyzed. Next, in Section IV, a robust motion controller based on dual RIC structure is designed. In Section V, a high-accuracy positioning system used in the semiconductor chip mounting devices is described. Then for this system, simulation and experimental results are shown. Finally, concluding remark will be followed.
II. ROBUST CONTROL BASED ON LYAPUNOV REDESIGN

A. Disturbance Attenuation
Consider a system (1) where is the state vector obtained by augmenting  and  ,  ,  , , is the control input and is the unknown external disturbance that has bounded magnitude. A reference model for the system (1) can be taken as (2) where and . Now, let us design a stabilizing feedback controller using this reference model. Equation (1) can be rewritten in terms of the reference model parameters and (3) where (4) with , and . We assume that , and are piecewise continuous in and locally Lipschitz in and so that with any feedback control (5) that is piecewise continuous in and locally Lipschitz in the closed-loop system will have a unique solution through every point , where is a domain that contains the origin. The functions and are known precisely, while is defined as the equivalent disturbance, that is an unknown function which lumps together various uncertain terms due to model simplification, parameter uncertainty, external disturbances and satisfies a matching condition.
If we substitute the reference control input (5) into (2), we obtain the following reference closed-loop system (6) Suppose we have succeeded to design a feedback control law (5) such that the origin of (6) is uniformly asymptotically stable. Suppose further that we know a Lyapunov function for (6) , that is, we have a continuously differentiable function that satisfies the inequalities (7) (8) for all , where , and are class functions. And assume that with , the uncertain term satisfies the inequality
where , is a nonnegative continuous function. The estimate (9) is the only information we need to know about the uncertain term . The function is a measure of the size of the uncertainty. It is important to emphasize that we shall not require to be small, we shall only require it to be known. Our goal is to show that with the knowledge of the Lyapunov function , the function and the constant in (9), we can design an additional feedback control such that the overall control (10) stabilizes the actual system (3) in the presence of the uncertainty. The design is called Lyapunov redesign [19] . If we apply the control to the system (3), then the closed-loop system (11) is a perturbation of the reference closed-loop system (6) . Hence, the derivative of along the trajectories of (11) is obtained as (12) Set and rewrite the last inequality as (13) The first term on the right-hand side is due to the reference closed system. The second and third term represent, respectively, the effect of the control and the uncertain term on . Thanks to the matching condition, the uncertain term appears on the right-hand side exactly at the same point where appears. Consequently, it is possible to choose to cancel the effect of on . However, in general, the control law will be a discontinuous function of the state . This discontinuity causes some problems such as the phenomenon of chattering. We shall now propose a control method which can be optimized systematically and guarantees no chattering for choosing so that using internal dynamic compensation. The Lyapunov redesign method for this can be determined by the fundamental structure of the internal model following control.
B. Internal Model Following Control
Since (6) is a closed-loop equation for the reference system (2) with the control input (5), we can rewrite this equation as (14) where is an imaginary variable to differentiate this from the real state, which is defined as the reference state generated internally by the reference input . The difference between plant state and reference state is defined as (15) Hence, the differential equation (11) is given by the following equation for the model following error : (16) The design objective can then be stated as the guarantee of the closed-loop response to lie within their respective bounds in the presence of plant uncertainties and disturbances.
The internal model following control is the design of the feedback controller so that the model following error is bounded. This is followed by a design of the controller . Thus, is designed as (17) where . Therefore, under the assumption (9), if is chosen to be large enough, then can be achieved. However, although the high gain property of can extend the bandwidth of the closed-loop system (16) with (17) , this high gain has a limit by considering performance and robustness and should be optimized. For this purpose, a generalized framework called RIC is used in Section III.
III. PERFORMANCE TUNING
A. RIC
Without loss of generality, the proposed control method is presented for systems with a SISO. Fig. 1 shows the proposed control structure in which we derive the control input of Lyapunov redesign using RIC [14] , [15] . From this figure, the control input based on RIC structure is expressed as follows: (18) where is the reference control input, is the controller for the redesigned control input, is the additional control input to compensate nonlinear disturbances [20] , and is the model following error given by (19) where is the output of reference model , is the output of the plant and is the measurement noise signal. Therefore, (18) can be also obtained by using (10) and (17) for a SISO system. That is, is given by (5) defined as the output of the external-loop controller and the second term on the right-hand side in (18) is given by (17) . As a result, it can be seen that the RIC based control input and Lyapunov redesign based control input have the same structural characteristics which can be described as Fig. 1 . From the block diagram in Fig. 1 , the input-output relationship from , , to is expressed as (20) where and . And the sensitivity and complementary sensitivity functions are obtained as follows: (21) Note here that and are given as the typical sensitivity and complementary sensitivity functions of the unity-feedback system with and , respectively. Alternatively, Fig. 1 can be equivalently transformed into Fig. 2 without feedforward control input. Hence, the transfer function from to can be expressed as (22) Since is just used to make in this equation, can be selected as follows: (23) where is given by the transfer function of a reference closed-loop system with and , which is shown in Fig. 3 . Prefilter , in a crude way, approximates proportional and derivative (PD)-type control. Thus, this increases transient performance and leads the phase of the unity feedback system in Fig. 2 . That is, this implies that the feedforward control input in (18) can enhance the bandwidth of the closed-loop system.
B. Analysis of Disturbance Attenuation Property
In order to analyze disturbance attenuation property of the proposed control method, let us choose as follows: If we rewrite this equation for , we can obtain the following equation: (25) Hence, is given by the transfer function of the reference closed-loop system . After recalculating this equation for , if is substituted into Fig. 1 , then an equivalent structure in Fig. 4 (a) is obtained and this can be transformed equivalently to a structure of DOB in Fig. 4(b) . This means that if a compensator is designed for the reference model in order to satisfy a given performance and robustness criterion, optimal -filter of DOB is systematically designed which has the optimality under the given specific conditions, because the transfer function of the unity feedback system with and is . Therefore, the disturbance attenuation characteristics of the designed system can be easily analyzed based on and also the estimated disturbance of DOB can be reformulated as follows ( ):
As a result, it can be seen that the control input based on Lyapunov redesign is interpreted as the estimated disturbance of DOB. This clearly shows another important physical meaning which is immanent in DOB structure [21] .
Consider the following second-order reference model, for example: (27) If is designed as a PD controller (28) where and , then the following -filter of DOB is obtained from (25) (29) which is the first-order filter suggested by Ohnishi [22] . It is notable that if is chosen as a double integrator plant, that is, , then a derivative controller can be obtained to achieve the same in (29) . More specially, consider the case that the given task is to achieve about rad phase lead effect at specified frequency with proportional and integral (PI) controller for a model following control system in Fig. 1 . Thus, should be designed as a lead compensator with PI controller: (30) where and is given by (31) From (25), therefore, has the form of (32) and the frequency where the phase is maximum is given by
If , , and are substituted into (32), then is expressed as (34) which is the well-known -filter [3] , [6] - [8] , [23] - [26] . This analysis gives very important meaning to the design of -filter. It was found from (26) that the disturbance attenuation characteristics can be analyzed based on model following control system with . So, it is notable to see that the maximum phase contribution of the lead compensator in (30) is obtained as (35) and the frequency where the phase is maximum is given by (36)
The PI controller part in (30) reduces the steady-state error at the cost of a phase decrease below the break point at . Therefore, should be located at a frequency substantially less than the crossover frequency so that the system's phase margin is not affected very much. This quantitative analysis and design was difficult in the previous typical DOB design. This implies that the proposed unified framework can provide a systematic insight in the design of . Instead of selecting , we can design from the reference model and desired which can produce desired specification. This is the basic difference in the design of from other previous methods. Table I shows various kinds of designed based on and . Note, also, that these analyses were obtained for the unity feedback system in Fig. 2 . By using (25) , it can be shown that the structure of DOB is also equivalently changed to the structure of RIC in Fig. 2 . Thus, in (24) is approximated to PD-type controller if we use (29) or (32) and this leads the phase of the closed-loop system. Therefore, in order to design DOB with optimal sense, the characteristics of the unity-feedback system and prefilter should be considered at the same time.
C. Analysis of Robust Stability 1) Robust Stability Condition Based on RIC:
As discussed earlier, is calculated based on the specified and the designed and below the cutoff frequency of , the transfer function from to becomes approximately. Therefore, the external-loop controller is designed based where is an allowable multiplicative uncertainty. Then, the robust stability condition of the motion control system based on the RIC can be stated in the following theorem.
Theorem 1: Let the plant be modeled as (38) with allowable multiplicative uncertainty. If the model is a minimum phase system without RHP poles, and linear controllers and can stabilize , then a sufficient condition for robust stability of the closed-loop system of Fig. 5 for the uncertainty is given by (39) where is the complementary sensitivity function of (37) for It is noted from (39) that in low-frequency range because in that range. Hence, should be selected so that the difference between and is not too large in low-frequency range. That is, should satisfy for robust stability. It is also noted that must be small at high frequencies, because uncertainty bound is usually large in the high-frequency range. Therefore, using Theorem 1, we can design an external-loop controller which can stabilize a system and meet the performance specifications.
2) Robust Stability Condition Based on Lyapunov Redesign: To meet the robust stability condition based on Lyapunov redesign, first of all, the inequality equation of (9) should be satisfied. Therefore, we need to reconstruct the given system to the system which has reference model and equivalent disturbance as shown in Fig. 6 . From the input-output equivalence of Fig. 6 , is given by (43) where (43) with (38) is reformulated as
And then, substituting this equation into (9), the following inequality is satisfied:
where is a variable whose magnitude is bounded, and . From (6) and (8), we can know that is a variable which has bounded value. Hence, from (45), if is chosen to satisfy the following inequality:
(46) then the whole system satisfies the robust stability based on Lyapunov redesign.
As a result, the robust stability condition of Theorem 1 obtained from the input-output relation based on RIC is identical with the robust stability condition of (46) obtained based on Lyapunov redesign. This means that RIC structure involves exactly the structural characteristics of Lyapunov redesign as shown before. 
D. Performance Tuning
To analyze the performance of the control system based on the RIC, first, consider a typical feedback control system shown in Fig. 7 . From this figure, the transfer function between and is obtained as Now, let us analyze the performance of the control system with RIC using input-output relationship. If the tracking error is defined as , from Fig. 7 , the error of the typical feedback control system can be expressed in terms of and as (51) On the other hand, in Fig. 5 , the relationship among , , and can be expressed as
Therefore, it can be roughly said that the effect of disturbance on the error is decreased by a factor of [ ] compared to (51), which is similar with to (50). But since is affected by as before, it is difficult to tune its performance systematically. Hence, it is required to eliminate the effect of on by using feedforward compensation. Thanks to the feedforward compensation, (54) is not a function of the reference input different from (53). Therefore, the following inequality condition can be obtained:
where (56) Note, here, that is the function that is only related to the plant and external-loop controller . Of course, this analysis is not strict, but note that the results obtained above can show the the qualitative properties of the performance of whole closed-loop system with RIC.
IV. DESIGN OF ROBUST MOTION CONTROLLER
In general, internal-loop compensators such as DOB are designed for the rejection of uncertain disturbances and then the feedback controller is integrated in the external-loop after the internal-loop design. Hence, the designed controllers may have an undesirable side effect such as complex controller form. On the other hand, if the synthesis of controllers is performed in the proposed RIC framework, the robust properties of RIC can be implanted in the feedback controller design without the above two step procedures. This is possible due to the implicit form of function in RIC formulation. In this section, therefore, the design of robust motion controllers in the RIC framework is discussed.
A. Controller Design in the RIC Framework
Consider a high-speed/high-accuracy positioning system as one of the specific applications. The equation of motion for this system is given by (57) where is the inertia, is the damping coefficient, is the control input, is the output of interest, is the friction term including stiction and Coulomb friction and is the uncertain disturbance whose magnitude is bounded. Thus, this equation yields (58) where and is the sum of uncertain disturbance and nonlinear friction term.
First, in order to design a robust motion controller, consider the simple robust motion control structure with a feedforward control input as shown in Fig. 9 . In this figure, is an imaginary reference model which has the input and the output , where is given by the desired trajectory. Thus, can be written as follows: (59) and the tracking error is defined by (60) where can be also defined as in the RIC framework. Therefore, if and are chosen as (61) then from (18) with and Fig. 9 , the control input is formulated as follows: (62) It is very interesting that this equation is basically the computedtorque-like controller for SISO systems [28] .
From the Fig. 9 , the relationship between and can be expressed based on functions (63) where is obtained from (25) and (61) (64)
Thus, if is designed so that within the specified bandwidth, is approximated to and, therefore, can be achieved. As a result, the structure of DOB can be equivalently changed to the structure of RIC and also, that can be transformed to the structure of the computed-torque-like controller. Of course, this analysis is based on the imaginary reference model. But note that through this analysis, the -filter which indicates the disturbance attenuation property can be obtained from the closed-loop systems with a computed-torque-like controller and the relation between a computed-torque-like controller and DOB can be analytically shown.
B. Dual RIC Structure
Next, consider the control system with dual RIC structure shown in Fig. 10 . In this figure, since the reference control input is given by (62) without (65) and are obtained as It is really interesting that the most of robust trajectory tracking controller has the form of (67) [12] , [28] - [30] . In this equation, if is chosen as
then the -filter of DOB has the form of (69) Therefore, it can be roughly said that the equivalent disturbance is attenuated within the cutoff frequency of (69) and the transfer function from to is approximated to . In order to analyze the disturbance attenuation property of the whole closed-loop system with dual RIC structure, we have to consider the imaginary part of Fig. 10 . From this figure, the reference trajectory and the model following error of the whole closed-loop system can be defined as (70) Thus, the compensator is given by (71) and function is obtained as follows:
(72) Through these results, it can be seen that if the synthesis of control laws is performed in the proposed RIC framework, the function of DOB can be inherently implanted in the feedback controller design. Therefore, qualitative and quantitative design specification based on can be given to the synthesis of robust motion controllers. And first of all, it is very important that the characteristics of DOB can be analytically obtained from (62) and (67). This means that DOB can be more systematically applied to the motion controller design through the proposed RIC framework.
C. Performance Tuning
From (61) Since the feedforward compensator satisfies , if is chosen as constant in (68), the following inequality is obtained from (55): (75) where is given by (56). Therefore, if the gain of is fixed and the magnitude of of (68) is increased times, then it can be roughly said that the magnitude of is reduced by the factor of . Specifically, when is large enough or the system is operated in low-frequency range, we can predict that if is increased by times, the error will be reduced to its , approximately. Through (69), it can be easily seen that the performance variation governed by the gain of RIC compensator means the robust property variation against uncertainties. That is, the magnitude of error is changed by the magnitude of such as (75) and at the same time, if is changed, the cutoff frequency which indicates the capacity of disturbance attenuation is also changed since the cutoff frequency of is in (69). Consequently, for the class of systems, the proposed performance tuning method provides a systematic approach to the problem of robust stability and performance requirements in the face of uncertainty. Furthermore, by allowing the tradeoffs between robust stability and performance to be quantified in a simple fashion, it can illuminate systematic design procedure of the robust motion controllers.
For example, let us consider the PID control for robot manipulators.
control is a control principle for designing controllers so as to satisfy the criterion that the -norm of the closed-loop system transfer function matrix takes a value less than a prescribed value . In general, when the system dynamics are nonlinear, the objective of nonlinear control problem is to design a feedback controller so that the -gain from the disturbance to the output that needs to be controlled is less than or equal to (76) for all , all and all admissible uncertainties, where denotes the Euclidean norm [12] , [31] . Recently, analytic nonlinear control method for robot manipulators was proposed by Park et al. [13] . The robust control in the sense of -gain attenuation from an external disturbance and model uncertainties was designed for a class of Euler-Lagrange system based on a class of analytic solution to the associated Hamilton-Jacobi-Isaccs equation.
Consider the dynamic equation of a robot manipulator described by (77) where is the vector of joint variables, is the vector of generalized forces, is the inertia matrix, is the matrix of Coriolis and centripetal terms, is the vector of gravity terms and is the vector of any unknown but bounded disturbance. For this system, the decentralized control law is expressed as (78) where is desired trajectory, is tracking error, ( ) is (diag , diag , ), and is gain. Hence, by letting to be ( ), the reference model and the RIC controller are obtained as (79) and is described as In addition, the following inequality is satisfied:
where is similarly defined as (56). Therefore, if the magnitude of gain in (79) is halved, then it can be roughly said that the magnitude of is reduced by quarter under the assumption that is small enough or the system is operated in low-frequency range. This result shows that the cutoff fre- quency of -filter of DOB is directly related to the gain . That is, the performance of the closed-loop system can be tuned based on the cutoff frequency of -filter. In practice, Park et al. showed that if is halved, the magnitude of error is reduced to its quarter. It is called the square law [13] .
V. SIMULATION AND EXPERIMENT
The system we are dealing with is the one axis precision linear motor system used in the semiconductor chip mounting devices, which is shown in Fig. 11 and the model of the system was discussed in the previous section. The linear motor(ANORAD Corp., LEB-S-2-S-NC) is a direct drive motor with no backlash. Fig. 12 shows the overall control structure with RIC and feedback controller. The disturbance signal consists of a sinusoid, a half sinusoid, constant and a series of impulse as shown in Fig. 12(c) . The proposed dual RIC-based tracking controller in (67) is used to stabilize the whole system and track the desired position accurately (83) and the RIC controller is chosen as (68) (84) where is the gain which should be designed to meet the given performance specifications. The feedback signal used in the controllers is the position signal measured through the sensor that has 5-m resolution. The velocity is estimated by the backward differentiation of position signal. The fifth-order polynomial function is used to specify the position, velocity, and acceleration at the beginning and end of path (85) where is the target position given by 50 mm and is the rising time given by 0.2 s. Fig. 13 shows the desired trajectory and velocity graph. Control sampling frequency is 1000 Hz and all controllers are discretized by using the bilinear transformation.
A. Simulation Result
The proposed control system was simulated in MATLAB environment. The plant considered in simulation can be represented as (86) and stiction and Coulomb friction are added to the control input together with the disturbance as shown in Fig. 12(a) . The magnitudes of stiction and Coulomb are selected as 0.8 and 0.4, respectively. The reference model of the system was selected as
The feedback controller is expressed as in (73), where is 250. For the performance tuning, only gain is changed to 100, 200, 300, 400, 600, 800, 1000, and 1200. The changes of function by each gain are shown in Fig. 14 and resulting trajectory errors are shown in Fig. 15 . Fig. 15(a) shows the initial result for 100. By increasing to 200, the result shown in Fig. 15 (b) is obtained, whose maximum magnitude is halved. And further increasing , we can know that the error is reduced according to the predicted performance law. The maximum magnitude of resulting errors with disturbances for each gain is shown in Table II , where it can be verified that if is times, the error is reduced to its , approximately. 
B. Experimental Result
The proposed control algorithm is implemented and tested on the high-accuracy linear motor system of Fig. 11 . The reference model and the parameters of the proposed controller are all the same to the simulation. First, the disturbances are not injected to the system. The results of this case are shown in Fig. 16 . Next, to verify the rate of error reduction for the system with disturbances, the same disturbance signals used in simulation are added to the control input. Fig. 17 shows the resulting errors. The maximum magnitude of resulting errors with and without disturbances for each gain is shown in Table III , which shows that if is times, the error is reduced to its , approximately. Here, note that since (75) is an inequality condition, the reduction rate may be somewhat larger than . And since is the cutoff frequency of as shown in (69), if it is larger than 1200, the error signal is too noisy to verify the reduction rate. That is, it is also verified that the cutoff frequency which indicates the disturbance attenuation ability becomes higher as gain becomes larger. Note also that the results of experiments coincide very well with those of simulations.
VI. CONCLUSION
The structural design method of robust motion controllers, which makes it possible to tune the performance of the control system with RIC systematically, was proposed. RIC was illustrated based on Lyapunov redesign and internal model following control. By using the structural characteristics of RICbased control system, disturbance attenuation property and performance were analyzed. Dual RIC structure was proposed to design a robust motion controller and the relationship between a computed-torque-like controller and DOB was analytically shown. It was also shown that if the synthesis of the robust motion control law is performed in the RIC framework, the robust property of RIC and the characteristics of DOB can be naturally implanted in the feedback controller design. This makes it possible to design a more enhanced RIC for robust motion controllers with feedforward control input. Through simulation and experiment using the high-accuracy positioning system used in the semiconductor chip mounting devices, the performance of the proposed method was verified.
